The basic equations of motion are the fully three dimensional
A methodology is presented for simulating turbomachinery blade rows in a multistage environment by deploying a standard 3D Navier-Stokes solver simultaneously on a number of blade rows. The principle assumptions are that the flow is steady relative to each blade row individually and that the rows can communicate via inter-row mixing planes. These mixing planes introduce circumferential averaging of flow properties but preserve quite general radial variations. Additionally, each blade can be simulated in 3D or axisymmetrically (in the spirit of throughflow analysis) and a series of axisymmetric rows can be considered together with one 3D row to provide, cheaply, a machine environment for that row.
Two applications are presented: a transonic compressor rotor and a steam turbine nozzle guide vane simulated both isolated and as part of a stage. In both cases the behaviour of the blade considered in isolation was different to when considered as part of a stage and in both cases was in much closer agreement with the experimental evidence. U 1SL^ SJ Currently, turbomachinery analysis considers two extremes. The overall machine is broadly designed using throughflow techniques (like streamline curvature) which rely heavily on a mature database (for loss and deviation for example). AGARD AR-175 (1989) describes this sort of approach in detail. The individual blade rows are examined using 2D or 3D Euler or Navier-Stokes solvers, nominally at an operating point similar to that supplied from the throughflow analysis, but really run as if in an isolated cascade. Suitable single blade row solvers have been presented by many authors, see for example VKI-LS-2 (1986) and AGARD LS-140 (1985) . Iterations may then be performed in an attempt to couple the two types of analysis and remove any inconsistencies (see, for example, .
It is increasingly clear, however, that a blade row does not necessarily perform in the same way in a machine environment as in a cascade-type setting. Quite apart from the obvious unsteadiness of the machine environment (described, for example, by Hodson (1984) ), blades suffer potential interaction, must run with compatible headflow characteristics (i.e. all rows pass the same mass flow) and may experience strong radial variation of property between rows.Examples are: a turbine nozzle guide vane with high exit swirl is prone to hub separation if tested in cascade (especially if the hub-tip ratio is low) whereas in the machine, the rotor 'loads' the stator and prevents this separation (Spurr (1980) , Moustapha et al (1986) ); an isolated compressor rotor stalls when its head-flow characteristic rolls over, however, in the presence of a very stable machine, the given rotor is stabilised and may even display stable positive head-flow slope operation (Longley (1989) ).
The aim of this paper is to show how a standard, single blade row 3D Navier-Stokes solver (Dawes (1988) ) can be deployed in a machine environment to address some of these issues. The 3D code is modified to handle multistage geometries by assuming steady flow relative to each individual blade row with suitable mixing planes between each row. This is clearly a simplifying assumption and not a new idea (Denton (1983) , Arts (1987) and more recently Ni(1989) have done this for the 3D inviscid equations) but, as will be shown, some of the flavour of the machine environment can be captured at little extra cost. There are alternative approaches to multistage simulations, for example Giles (1988) who solves for the true nonlinear unsteady motion of a stage and Adamczyk (1989) who is developing a powerful methodology based on solving a machine row by row with sophisticated averaging to represent the "missing" rows. However, both of these approaches are very expensive in computer time and probably not yet ready for the design environment. A novelty in the current approach (apart from the use of the Navier-Stokes equations) is that any of the individual blade rows can be computed fully 3D or alternatively modelled axisymmetrically with blade forces and loss and deviation either correlated or processed from a previous 3D solution. The axisymmetric modelling provides a particularly cost effective way to provide a "machine environment" for a blade under (3D) study.
Solutions are presented for two problems to illustrate the benefit of the methodology. Firstly a transonic compressor rotor is considered, both isolated and in the presence of its stator. Secondly, a steam turbine nozzle guide vane is simulated isolated and with its rotor. In both cases the "machine environment" is shown to be of significance.
Reynolds averaged Navier-Stokes equations expressed in cylindrical co-ordinates in integral conservation form with the addition of a set of axisymmetric body forces. The equations are discretised on a set of six-faced control values, formed by a simple, structured H-mesh construction. (It is hard to imagine deploying 0-or C-mesh methodology in a multistage environment.) Flow variables are stored at cell centres and values on cell faces for flux evaluation are found by simple linear interpolation conferring second order accuracy on smoothly varying meshes. Symbolically, the code solves by timemarching the equations of motion as: (Birch (1987) ). The turbulent Prandtl number for the energy equation is assumed to be 0.9. The basic solution algorithm has been described in detail elsewhere (for example Dawes (1988) ) and consists of a two step explicit -one step implicit scheme derived as a pre-processed simplification of the well-known Beam-Warming algorithm but similar in implementation to a two-step Runge-Kutta method plus residual smoothing. Dawes (1988) also describes the addition of a combined second-fourth derivative artificial viscosity (switched via a pressure gradient flag) which filters out wiggles and controls shock capture and also outlines the application of multigrid convergence acceleration.
MESH CONSTRUCTION FOR MULTIPLE BLADE ROWS
A rather large data set must be built by stacking end to end standard 3D single row data sets. The code then shifts each individual data set both axially and tangentially (automatically if required) to form a consistent set of data. A simple, structured H-mesh is then constructed for all rows simultaneously (and assuming each row is to be computed in 3D rather than axisymmetrically) by interpolating the input blade sections onto the desired radial set of blade-blade planes. Example meshes are shown in Figure 1 for a single stage reaction turbine and Figure 2 for a three stage axial compressor with inlet guide vanes. The evident discontinuity between rows is used to advantage by letting the last plane of cells from the upstream row and the first plane of cells from the downstream row play the role of dummy stores for the inter-row mixing calculation. 3D/AXISYMMETRIC APPROACH Each individual blade row can be selected to be simulated fully three dimensionally or axisymmetrically. The simulation is then subjected to the basic assumption that the flow is steady relative to each of the blade rows individually. For the three dimensional rows, no special action is required and the axisymmetric body forces are set to zero. The axisymmetric rows require modifications to the basic code. Firstly, the blade -blade region need only be modelled by a single cell as the basic assumption in the axisymmetric model is that the circumferential flow derivatives are zero. This is accomplished quite simply in the code, and without IF statements, by writing all the circumferential DO loops as DO i = 1, NIM (j) where NIM (j) is IM, the 3D mesh limit for the 3D rows, but is 2 for the axisymmetric rows 0 is the axial flag). This does waste a certain amount of memory but greatly simplifies data handling and by padding a copy of the axisymmetric flow variables right across the underlying 3D mesh, simplifies also post-processing (plotting) and restarting after a dump (whereupon an axisymmetric row can be restarted as a 3D row or vice versa).
Secondly, the presence of the blades in the axisymmetric rows must be modelled. This is accomplished much as it is for standard throughflow methods (see Spun (1980) for a time marching implementation). Upstream and downstream of the blade the axisymmetric body forces Fx, Fe and FR (equation (1)) are set to zero and the swirl velocity,We, solved from the 0 -momentum equation. Within the blade row, the swirl velocity is deduced from the meridional velocity and a flow angle fixed by the blade camber-line angle plus a deviation angle distributed linearly from blade leading edge to trailing edge. This deviation angle is either correlated (e.g. Carter) or may be processed from a previous 3D solution for that blade row. Then the effective tangential body force, FOeff, is deduced from the rate of change of tangential momentum:
Note that this is the force implied by constraining We; the 0momentum equation itself does not need to be solved in the blade row. From this the implied effective blade loading is given by
is the tangential projection of the area of the cell face on the blade surface. This blade loading is distributed linearly (in the absence of a better assumption) from blade to blade and then, in conjunction with the axial and radial projections of the areas of the cell faces on the blades, gives rise to the axial and radial body forces, Fx and FR. Of course, body forces in the momentum equations give rise to an additional term in the energy equation (here denoted FE) which is essentially the scalar product of the body forces with the three velocity components. The body forces are also modified to take blade losses into account. These losses are either correlated (e.g. Lieblein Dfactor) and distributed linearly from blade leading edge to trailing edge or processed from a previous 3D solution. The losses are converted to gradients of entropy and added to the body forces in the standard throughflow manner (see, for example, ). As examples of this combined 3D-axisymmetric approach, Figure 3 shows a two stage turbine for which rows one, two and four were selected to be axisymmetric and row three (second stator) selected to be 3D. Figure 4 shows a sequence of solutions for a single stage turbine from all-axisymmetric to all-3D. An axisymmetric blade row can be computed for about 5% of the cost of a fully 3D row (1 blade-blade cell versus maybe 21). So a 3D row can be studied in the presence of several axisymmetric rows (providing the machine environment) at little extra cost than the 3D row alone. This is considered to be a substantial benefit of the current approach.
THE INTER-ROW MIXING PLANES
The principal assumption in the current work is that the flow is steady relative to each individual blade row. The role of the inter-row mixing planes is to model the communication between the rows. Any model adopted represents an approximation; nevertheless, it is possible to identify certain required properties of the modelling. Clearly some sort of circumferential averaging must be employed to model the relative motion of the blade rows. This averaging must, as a minimum, ensure conservation of the machine mass flow. It is important to note that although the circumferential information is smeared, the radial variation is not. So, in particular, the flow need not be in simple radial equilibrium at the mixing plane but can support meridional streamline curvature (in the mean sense). Secondly, the mixing must not introduce too much disturbance into the adjacent flows. This is rather importante since blade rows in a machine are close together, of the order of fractions of axial chord apart, whereas when flow codes are run on single blade rows in a cascade type mode, the inflow and outflow boundaries are usually placed between one and two chord lengths away.
The current version of the code has three options for the mixing planes. The first uses a simple area averaging of the principal flow variables p, p W and p. This ensures conservation of mass flow but will introduce a total pressure error (amongst others) whose magnitude will depend on the degree of non-uniformity in the flow. The second option is to model each successive blade flow more like individuals by passing mass averaged total pressure and temperature and the flow angles downstream across the mixing plane and passing area averaged static pressure upstream. The third option is based on an adaptation of non-reflecting boundary condition methodology (see, for example, Giles (1988) ) to the mixing plane specification. The area averaged Riemann invariants (A p ± paAu,etc.) are computed either side of the mixing plane and passed either upstream or downstream depending on the sign of the wave speeds (u± a, etc.) to update the flow variables stored in the mixing plane dummy cells. The aim of this approach is to minimise spurious reflections from the mixing planes and to permit the mixing to be carried out as close as possible to the blade rows. Simple area averaging was used for the present study.
SAMPLE APPLICATION: TRANSONIC COMPRESSOR STAGE
To illustrate how the behavior of a given blade row can differ between the machine environment and when considered in isolation, we consider a transonic compressor rotor. The rotor chosen is in the first stage of a high duty five stage axial research compressor tested at NASA Lewis in the 1960s and reported by Kovach and Sandercock (1961) . The main compressor characteristics are:
Overall total pressure rise The first stage of the machine is modelled here and Figure 5 shows the 21 x 157 x 21 mesh used. The code runs at about 0.5 ms / point / time step on a single processor of an Alliant Fx/80. Axisymmetric blade rows cost about 5% of the cpu absorbed by a 3D row (1 cell blade-blade as compared to 21). Typically around 1000 time steps were performed before restarting the code in a different mode and so overall computational times are not particularly frightening.
The first computation modelled both rotor and stator as axisymmetric. For design flow, a static pressure of 112844 N/m 2,was imposed on the hub downstream of the stator and simple radial equilibrium employed to determine the radial variation of pressure out to the casing. This static pressure was inferred from the experimental traverse data extrapolated to the hub. Figure 6 shows the predicted Mach numbers in the meridional plane. The strong shock gives no problems as far as convergence is concerned (unlike other axisymmetric methods like streamline curvature or matrix meridional plane Figure 5 . The 21x157x2l mesh used for the compressor rotor considered in a stage.
throughflow). Figure 7 shows the predicted Mach numbers in a blade-blade plane at 75% span. At convergence, the axisymmetric computation passes a mass flow of 31.4 kg/s. The mass flow is too high as the correlated deviations come out too low. Next, the all-axisymmetric solution was restarted with the rotor now specified to be fully 3D (and with the same stator exit hub static pressure). The computation converges to a mass flow of around 30.55 kg/s (within 0.2% of the design flow). Predicted Mach number contours are shown in Figure 8 for a meridional plane in mid-pitch and in Figures 9, 10 and 11 for blade-blade planes at 75%, 50% and 25% span respectively. The prediction shows a typical design point flow with a just-sonic hub and an increasingly strong bow shock, just detached, outboard to the casing. By 75% span the shock is strong enough to separate the suction surface boundary layer and this increased blockage, averaged circumfererentially, puts the tip of the stator at a positive incidence of 5-10°. For the third computation the rotor was considered to be in isolation and run fully three dimensionally. The hub static pressure at exit (together with simple radial equilibrium outboard, in the absence of a better assumption) was adjusted iteratively until the rotor was passing about design flow. Predicted Mach number contours are shown in Figures 12 to 15 for the mid-pitch meridional plane and blade-blade planes at 75%, 50% and 25% of span. Focussing on the 75% blade-blade plane, Figure 13 , and comparing with the equivalent plane from the stage calculation, Figure 9 , reveals some of the differences between the 'isolated' and the 'stage' simulation. For the isolated rotor, the shock is slightly stronger, visibly further upstream and interacting more strongly with the suction surface boundary layer giving rise to a bigger separation and blockage. Additionally, and more significantly, although the predicted mass flow for the isolated case is around 30.5 kg/s, it is creeping slowly but inexorably downwards (at about 0.01 kg/s per 100 time steps); experience has shown that this is a clear indication of a stalling rotor. By contrast, the predicted mass flow in the stage case is holding quite steady. The feeling is, then, that the rotor is stalling when operated 'isolated', but running stably when run in conjunction with a stator, i.e. in a machine environment. Measurements published by Wood (1987) for a similar transonic fan, tested with and without its stator, also displayed a lower stalling flow for the rotor as part of a stage compared to rotor alone. The principle difference, as far as the rotor is concerned, between the two simulations is the radial variation of static pressure seen by the rotor at its downstream boundary. Figure 16 shows the predicted radial variation of static pressure at the mixing plane (which corresponds approximately to the experimental traverse plane) from the stage computation compared with the imposed variation from the isolated rotor case. Whilst the mean level is not dissimilar, the pressure near the casing is lower for the stage case, explaining quite naturally the observed more stable operation of the tip sections of the rotor. The difference in static pressures is not very great but transonic rotors are particularly sensitive to their exit static pressure field. Also shown in Figure 16 is the experimental variation of static pressure downstream of the rotor (inferred from the published Mach numbers etc). This confirms the clear reduction of static pressure towards the casing observed for the stage calculation and in contrast to the rotor alone computations.
Finally, Figures 17 and 18 compare measured and predicted radial variations of circumferentially averaged total pressure ratio and total temperature ratio across the rotor. These comparisons are at the same axial location. For the inboard 60% of the rotor both the 'isolated' and the 'stage predictions are in good agreement with measurement. Outboard of 60% span, the 'stage' prediction is in Predicted and measured radial variation of circumferentially averaged total temperature ratio across the compressor rotor. much better agreement with measurement than the 'isolated' result with the reduced effective exit static pressure seen in the stage case responsible for the fall off in total pressure and temperature ratio observed experimentally. The rotor was run without tip clearance in the current study and this may account for the discrepancy observed over the last 10% of the span out to the tip. Tip clearance flows are not the main thrust of this paper even though it has been shown (eg Dawes (1988) ) that they can exert strong influence on the flow; for a many rowed compressor it would be essential to include them. Rather, the thrust is more straight forward: the flow in individual blade rows can be strongly influenced by the imposed exit static pressure variation. (Indeed it is well known that for an isolated compressor rotor, fixing the casing static pressure plus radial equilibrium inwards allows a much wider flow range to be handled compared to fixing the hub static). The present paper simply suggests that a more systematic way of determining these boundary conditions is to consider several rows at once to give the row under study the correct flavour of the machine. A well known experimental problem is that of testing, in a low hub-tip ratio annular cascade, turbine nozzle guide vanes with a highly swirling exit flow (Spurr (1980) , Moustapha (1986) ). The difficulty, of course, is that the swirling flow has associated with it a radially inwards pressure gradient so the pressure at the hub is much lower than that at the tip. In the duct downstream of the cascade, the flow reaches some intermediate mean pressure level so that the flow near the hub may diffuse strongly. This diffusion can lead to hub separation. This is irritating experimentally and very awkward in numerical simulations (where there is a tendency for the separated zone to interact with the supposed outflow boundary leading to numerical instability). However, this is not the real issue. When the blade row is operated in a real machine there is a rotor downstream, of course, which tends to have a smaller hub pressure drop than at the tip (reaction levels increase radially outwards). The tendency for hub separation is not present to anything like the same degree. The likelihood then is that the tests on the guide vanes in isolation may be very non-representative of how they will be operated in practice.
To illustrate this, computations were performed for nozzle guide vanes both in isolation and part of a stage. The vane chosen is typical of the last stage of the low pressure cylinder of a large steam In the test (Ball, Johnson and Richards (1988) ) a perforated plate had to be installed downstream of the vanes to represent the rotor pressure drop and "to avoid severe hub separation". Figure 19 shows the 17 x 53 x 33 computational mesh used to simulate the vanes in isolation. The mesh extends about half a span both up and downstream of the blade in accordance with usual good practice.(The influence of a blade row decays exponentialy with the span as its length scale). No stable solutions could be obtained, the reason being the growth of a large hub separation which reacts unstably with the outflow boundary condition. Figure 20 shows predicted velocity vectors in the centre pitch meridional plane late into the simulation. The large separation is evident and in fact extends uniformly across the pitch. Next the vanes were simulated as part of a stage. The 17 x 83 x 33 mesh is shown in Figure 21 . The rotor is generic in origin and is simply there to provide the appropriate machine environment for the vanes. Both rotor and stator were simulated fully three dimensionally. The rotor exit static pressure boundary condition was set (by trial and error) to recover the measured hi b i static pressure downstream of the vanes, Figure 22 . It should be recalled that the vane exit static pressure field evolves as part of the simulation. Predicted Mach numbers and velocity vectors in the mid-pitch meridional plane are shown in Figures 23 and 24 . The large hub separation is now entirely absent. Mach numbers in three blade-blade planes (near-hub,mean and near-tip) are presented in Figures 25 to 27 to give a general picture of the operation of the stage. Finally, Figure 28 compares measured and predicted total pressure contours downstream of the guide vanes. The level of agreement is quite satisfactory. 
CONCLUDING DISCUSSION
A methodology has been presented for deploying 3D Navier-Stokes blade-blade simulations in the context of a multistage environment. The ability to simulate blade rows axisymmetrically, if desired, means that something of the flavour of the machine environment can be provided for a particular blade row under study with little computational overhead.
Despite the assumption of steady flow relative to each row, the blade rows do interact to first order via the combination of their mass flow-pressure drop (rise) characteristics and to second order by communication of the radial variation of properties across the mixing plane separating each blade row.The only boundary conditions required for a multistage calculation are stagnation conditions upstream of the first row and the back pressure, downstream of the last row; all the stage pressure drops (rises) and loading coefficients emerge naturally from computation.In particular this allows the radial variations of static pressure between blade rows to be predicted rather than imposed.
Two applications were presented, a transonic compressor rotor and steam turbine nozzle guide vanes, where the performance of the blade row in isolation was different to that in a machine environment. In both cases, the predicted flows with the blades as part of a stage were in closer agreement with the experimental evidence than when the blades were studied in isolation. In the case of the compressor rotor, the rotor is more stable as part of the stage, principally because the predicted radial static pressure variation downstream of the rotor unloads the sensitive tip. Now of course if the radial variation of static pressure were known beforehand then the stage simulation need not be performed but the point is that this sort of data is not usually available (especially at the design stage) and rather than guess (using simple radial equilibrium for example) it is simply more convenient to include the machine environment. The benefit of considering blades in a machine environment is even more dramatic in the case of the turbine guide vane. Quite simply, sensible simulations cannot be performed with the vanes considered in isolation. The strong radially inwards pressure gradient associated with the strongly swirling exit flow leads to strong hub diffusion to the downstream boundary and this causes, both experimentally and numerically, strong hub separation. In the presence of a rotor (or, as in the experiments, a perforated plate representing the rotor) the flowfield is radically different.
